Abstract The EURO-grouped actinide extraction process has been developed to co-separate transuranic actinide elements from spent nuclear fuel, based on an organic solvent composed of two extractants, a diglycolamide (TODGA) and a malonamide (DMDOHEMA). This work aims to simplify the organic formulation, replacing the two extractants with a single modified diglycolamide. Batch experiments were carried out with the new formulation, investigating the extraction behaviour of transuranic elements and important FPs under high Pu loading. The solvent had a Pu loading capacity of [ 30 g/L and yielded low distribution ratios for problematic elements, i.e., Sr, Zr, Mo and Fe for acidities up to 2 M HNO 3 . Although further optimization is needed, the tested molecule is a very promising candidate for a simplified organic solvent for this type of separation.
Introduction
Recycling actinides from used nuclear fuel is an important aspect of a sustainable nuclear energy production. The major benefits are a more efficient use of resources and the possibility to reduce the size of the final repository. Recycling requires efficient separation and recovery of the actinides from the spent fuel, which is carried out using solvent extraction processes [1] . The grouped actinide extraction (GANEX) concept was developed for homogenous recycling of actinides from fast reactor mixed oxide fuel. The concept contains two different steps in which uranium is initially removed (GANEX 1) followed by trans-uranium (TRU) elements co-separation in a second process (GANEX 2), thereby avoiding a pure Pu product. Both cycles have successfully been hot tested by the Commissariat à l'énergie atomique et aux énergies alternatives (CEA) in France, using highly radioactive feed solutions obtained from dissolving used nuclear fuel [2, 3] .
In the European collaboration, ACSEPT [4] , an alternative second GANEX cycle was developed, which is the so called EURO-GANEX process [5, 6] . The main advantage compared to the process previously tested by the CEA is that the TRU separation is carried out at higher acidity (lower pH) which removes the need to add buffer solutions and simplifies the control of the process. EURO-GANEX is based on the co-extraction of TRU ? lanthanides(III), separating them from the other fission products, followed by selective TRU back extraction by hydrophilic complexing agents.
The organic phase in the EURO-GANEX comprises two extracting agents, TODGA (N,N,N 0 ,N 0 -tetra-n-octyl diglycolamide) [7] and DMDOHEMA (N,N 0 -dimethyl-N,N 0 -dioctyl-2-(2-hexyloxyethyl)-malonamide) [8] , see Fig. 1 .
The reason is that TODGA, although capable to efficiently co-extract actinides and lanthanides [9] , at high Pu concentrations shows a tendency to form a third phase or precipitates [10] . This is a significant drawback with respect to an application in the GANEX concept in which high Pu concentrations, in the range of 10 g/L or more, are expected. To overcome this limitation, DMDOHEMA was added to give a final solvent formulation of 0.2 M TODGA ? 0.5 M DMDOHEMA in a kerosene diluent (Exxsol D80). This solvent is able to co-extract actinides(III, IV, VI) together with lanthanides(III), and can handle Pu loadings in the range of 30 g/L [6, 10, 11] .
TRU are present in the feed solution as Np(V, VI), Pu(IV), Am(III) and Cm(III). Care must be taken that the oxidation state of Np is shifted towards Np(VI) since Np(V) is not extractable [11] . This is accomplished by maintaining a sufficiently high HNO 3 concentration of the feed [12, 13] . CDTA (1,2-cyclohexane-diaminetetraacetic acid, Fig. 2 ) is added to the feed solution to suppress coextraction of Zr and Pd [6, 14] .
The separation of the TRU from the lanthanides is carried out by selective stripping of the actinides from the organic phase by a hydrophilic complexant, SO 3 -Ph-BTP (2,6-bis(5,6-di(sulphophenyl)-1,2,4-triazin-3-yl)pyridine tetrasodium salt, Fig. 2 ) [15] . Selectivity is achieved by using an optimised acidity of the strip solution thereby keeping the lanthanides in the organic phase whereas transuranic elements are back-extracted. To ensure efficient stripping of Np and Pu, AHA (acetohydroxamic acid, Fig. 2 ) is also added to the strip solution [6, 16] .
The EURO-GANEX has been successfully tested in both spiked [5] and hot [17] tests.
Using two different molecules in the organic phase complicates the process and makes the solvent regeneration more difficult. A significant simplification would be to find an organic molecule that can handle the high Pu concentration alone. It would also be advantageous if the process could run with even higher Pu concentration, avoiding unnecessary dilution of the feed. Modified versions of the TODGA molecule show promising features [18] . Longer alkyl side chains increase the loading capacity of the solvent, pushing the third phase formation limits towards higher metal concentration and higher acidities [18] . Altering the group attached on the carbons next to the central oxygen in the TODGA molecule reduces the distribution ratios, D [19, 20] . This is advantageous as the concentration of the molecule can be increased, giving higher loading capacity, without too high co-extraction of unwanted elements, i.e., Sr. Lower distribution ratios also gives room to use increased HNO 3 concentrations, helping extraction of Np by converting Np(V) to Np(VI).
Choice of molecule
The loading capacity of different molecules similar to TODGA has been tested using Nd [18] . The most interesting molecules are TDDGA and TDdDGA, both with the same structure as TODGA but with decyl (TDDGA) and dodecyl (TDdDGA) side chains instead of octyl (TODGA) chains. The longer carbon side chains clearly increase the loading capacity of the molecule. On the other hand, with increasing chain length the viscosity of the organic solvent increases which can lead to bad fluid dynamics, especially at high metal loading. This in turn can lead to problems such as insufficient phase separation or even malfunction of solvent extraction contactors. Since TDDGA was shown to have significantly higher loading capacity, about four times higher than TODGA [18] , and has lower viscosity than TDdDGA, it was chosen as the most promising candidate to test for an improved GANEX solvent.
To cope with high metal loadings, the concentration of the DGA in the solvent must be increased [18] . Increased DGA concentration will also increase distribution ratios which means more extraction of unwanted elements, and leads to problems to efficiently scrub them out of the organic phase. The much stronger extraction is also a risk that stripping of the organic phase, from both actinides and lanthanides, will fail. Distribution ratios can be reduced by altering the groups attached to the carbons next to the central oxygen in the TDDGA. Several different groups have been tested by replacing one or two of the hydrogens in the TODGA molecule [19] . Since the GANEX process is run at high nitric acid concentration, resulting in very high distribution ratios using a normal TDDGA, a large decrease of the distribution ratios is beneficial. By changing both the hydrogens to methyl groups, the distribution ratios of Am and Eu drop several orders of magnitude [19, 20] . This would therefore be a suitable alteration of the TDDGA to test as a candidate for the GANEX process. The modified TDDGA will hereafter be called mTDDGA, see Fig. 3 . 3 . Aliquots from inductively coupled plasma (ICP) element plasma standards (1000 lg/ mL) were mixed to prepare inactive solutions containing selected fission and corrosion products, i.e., Sr, Y, Mo, Ni, Fe, Cd, Zr, Ru, and Pd with concentrations of around 90 ppm. Organic phases were prepared by dissolving TODGA and modified TDDGA [19] [ 99% (Technocomm Ltd., UK) and DMDOHEMA (Pharmasynthese, France) in n-dodecane.
All extraction experiments were prepared in 2 mL glass vials with screwcap (Teflon membrane). In total 0.5 mL of the organic and aqueous phases (O/A = 1) were added to the glass vial and it was mixed for 1 h (BioShake iQ), at 25°C to ensure extraction equilibrium. Separation of the phases was done by centrifugation. Careful sampling of the aqueous and organic phases then followed, pipetting 0.1 mL sample into a suitable vial for further sample treatment.
A HPGe well-type detector was used for c counting. The c samples were diluted to a total volume of 1 mL with dilute nitric acid (aqueous samples) or n-dodecane (organic samples) in a sample tube. Liquid scintillation (LSC) samples were prepared in 20 mL LSC vials (polypropylene) by adding 10 mL LSC cocktail directly to 0.1 mL samples of the aqueous or the organic phase. ICP-MS samples were prepared by dilution (several steps) of the samples into 1 M nitric acid. Organic samples (0.1 mL) were mixed and backextracted in the first dilution (10 mL dilute nitric acid, O/A = 0.01) before further dilutions in 1 M HNO 3 . a Spectrometry samples were prepared by calcination of 5-10 lL of the sample on an a planchette.
Results and discussion
Loading experiments Table 1 shows the results from loading tests measured by a spectrometry. The experiments with 48 and 64 g Pu/L showed significant third phase formation and thus no samples were taken. It proves that this system is at 5 M HNO 3 capable of handling Pu concentrations up to at least 32 g/L without any visible third phase formation or precipitation. This loading capacity is slightly better than the original EURO-GANEX solvent's [10] . With increasing Pu loading the distribution ratios decrease as the amount of free mTDDGA decreases. In the experiments with 8 and 16 g/L Pu the change in distribution ratios is rather small. This is probably due to the large uncertainties involved in measurements of high distribution ratios since even a small contamination of the aqueous phase by organic phase will make a significant impact on this value. In fact, the actinides (also Pu) are all very well extracted even up to 32 g/L Pu.
Behaviour of non-lanthanide fission products and corrosion products
In order to investigate the behaviour of the non-lanthanide fission products and corrosion products a second test series was carried out. Pu was in this test added conservatively as tracer, the reason being that a weaker extraction is expected with increasing Pu loading. For comparison, reference extraction test with the EURO-GANEX organic phase (0.2 M TODGA and 0.5 M DMDOHEMA) were also carried out under the same conditions. The acidity was varied between 0.5 M HNO 3 up to 2 M HNO 3 , to cover and simulate scrubbing conditions in both systems. Figure 4 shows the distribution ratios for Sr, Zr, Mo and Fe using 0.5 M mTDDGA at different acidities. The distribution ratios remain low (below 1) over the acidity range except for Sr at around 2 M. Figure 5 shows the results for the same elements in the EURO-GANEX system. The distribution ratios are significantly higher, except for Fe at 0.5 M HNO 3 , even though the TODGA concentration is 2.5 times lower compared to mTDDGA. The co-extraction of these elements is much lower using the mTDDGA molecule, indicating that more efficient scrubbing should be possible at even higher acidities.
Acidity dependence
The acidity dependence for the extraction of actinides, fission products and corrosion products was studied in two different experimental series with different Pu loading, 16 and 31 g Pu/L, respectively. The latter one was prepared using a different batch of mTDDGA. Samples were measured by a spectrometry and ICP-MS. Table 2 shows the acidity dependence of distribution ratios at 16 g/L Pu. The distribution ratios increase with the HNO 3 concentration except at 6 M HNO 3 . This is again likely an effect of the increasing uncertainties at high distribution ratios. Pu, Am and Cm are all well extracted even at 1 M HNO 3 , which is suitable for scrubbing of the organic phase. Table 3 shows the acidity dependence of distribution ratios in the presence of 31 g/L Pu. The obtained distribution ratios for Pu and Am are in fact much lower than expected, at 1.6 M HNO 3 they are only 2.8 and 11, respectively. Obviously, the higher metal loading of the organic phase at 31 g Pu/L generally decreases the Pu 31 g/L, Organic phase 0.5 M mTDDGA in n-dodecane distribution ratios but according to the previous loading test, Table 2 , the decrease should not be of this magnitude. In addition, the distribution ratio for Sr (D = 1.6) seems high compared to the test presented in Fig. 4 . A different batch of the organic molecule was used in this experiment and could possibly explain the deviation between the expected and obtained results. In general, the obtained distribution ratios are high enough for the extraction around 5-6 M HNO 3 but is probably too low for Pu (and La) at 1.6 M HNO 3 , which is a suitable concentration for scrubbing.
Selective stripping experiments
The aim of this step is to separate the actinides from the lanthanides by selectively stripping the former from the organic phase using water soluble complexing agents. A first series of experiments was carried out to optimise the acidity using 0.1 M SO 3 -Ph-BTP at a Pu loading of 15.4 g/ L Pu. Table 4 shows the obtained distribution ratios for TRU and lanthanides under the chosen stripping conditions. At 2.6 M HNO 3 all lanthanides except Tb and Dy have distribution ratios well above 1. The fuel contains only very small amounts of the lanthanides heavier than Gd so the lower distribution ratios for these two elements may be acceptable. Am(III) distribution ratios are low at all acidities, demonstrating that SO 3 -Ph-BTP remains its selectivity for Am(III) over lanthanides also at high Pu loading. Pu on the other hand has higher distribution ratios than many of the lanthanides. This means that the complexing strength of SO 3 -Ph-BTP towards Pu(IV) is not high enough to carry out this separation using SO 3 -Ph-BTP alone. Due to this, AHA has to be included to reduce the distribution ratios for Pu [6, 16] . Figure 6 shows the results from a stripping experiment varying the SO 3 -Ph-BTP concentration, to which 0.5 M AHA was added to enhance Pu stripping. In this experiment, at any SO 3 -Ph-BTP concentration, Pu shows a weaker extraction (lower distribution ratios) than Eu. The separation factor between Pu and Eu increases with increasing concentration of SO 3 -Ph-BTP. At 0.15 M SO 3 -Ph-BTP both Pu and Am are stripped well but the Eu distribution ratio might be a bit too low for a process. It is obvious that the selective stripping of actinides from lanthanides at high Pu loading is possible from 0.5 M mTDDGA with a combination of SO 3 -Ph-BTP and AHA. More experiments are needed to optimise the stripping conditions, including variation of the AHA concentration.
Single stage centrifugal contactor experiments
To test the kinetics of the system single stage centrifugal contactor experiments were carried out for extraction and scrubbing conditions. Due to lack of organic phase the selective strip could not be tested at this stage. The centrifugal contactor used for the experiment was a BXP012 type from Rousselet-Robatel (France), see Fig. 7 , installed in a glove box.
The conditions for the experiments are shown in Table 5 . An aqueous phase was prepared for the extraction test with a Pu concentration of 15 g/L. A mixed spike of inactive selected fission and corrosion products and 99 Tc and 241 Am tracers was also added. The extraction test was run with an O/A flow ratio of 0.5, aiming for an organic phase concentration of around 30 g Pu/L to test scrubbing. Samples were taken from the outflowing aqueous and organic phases only after steady state had been reached. The loaded organic phase was collected during the whole experiment. After the extraction test, the organic phase was washed two times with 1 M HNO 3 in order to equilibrate it for the scrub test. Without washing, too much nitric acid would be carried over which would not be representative for the larger part of the scrubbing section in a process. Losses are small, as at 1 M HNO 3 most of the An and Ln stay in the organic phase. The washed organic phase was used as feed for the scrubbing test and samples were taken in the same way as in the extraction test.
In Table 6 the distribution ratios from the single stage experiments are shown. Samples where the element was not possible to detect in the organic phase (very low distribution ratios) have been indicated as below detection limit (BDL) and it follows that the element is also not present in measurable amounts in the scrubbing test.
As expected, actinides and most lanthanides are well extracted and remain in the organic phase during scrubbing. Pu (at 15 g/L) is very well extracted but the distribution ratio is only 2.1 during scrubbing, which might be a bit low for a process. Yttrium follows the lanthanides. The most problematic elements are Sr, Zr, Tc and Pd. Sr shows a low extraction (D = 0.29) but seems not to be well scrubbed (D = 2.2) despite of the lower acidity in the scrubbing test. This is most likely an effect of slow kinetics for the back-extraction of Sr from the organic phase. Zr is better extracted than Sr but is also sufficiently scrubbed. A large part of Pd is extracted (D = 0.74) and not scrubbed. Pd extraction can be prevented by adding CDTA to the feed [14] , as was demonstrated in the EURO-GANEX process tests [5, 17] . Tc is the most problematic element. It is well extracted and not scrubbed and thus will follow to the An stripping section. With the modified diglycolamide, the distribution ratios for (problematic) fission product elements, i.e., Sr, Zr, Mo and Fe determined in batch experiments are generally lower than for the EURO-GANEX system. This is promising as it means that less of these elements should be extracted and that the scrubbing can probably be simplified. However, the single stage scrubbing experiment indicated an unexpectedly high distribution ratio for Sr. The distribution ratio for Pu during scrubbing should be increased. Scrubbing conditions therefore need to be optimised, with the focus on the behaviour of Pu and Sr.
At high Pu loading, SO 3 -Ph-BTP is not able to selectively strip the TRU by itself. However, with the addition of AHA, the separation is possible. By increasing the concentration of SO 3 -Ph-BTP the separation factor is increased. More experiments are needed to find the optimal conditions, i.e., the best combination of HNO 3 , AHA and SO 3 -Ph-BTP concentrations. In addition, the kinetics for both TRU strip and lanthanides re-extraction should be investigated in centrifugal contactor experiments, which is necessary for optimisation of a flowsheet.
Although further experiments are still needed, mTDDGA is a promising candidate for a simplified new organic formulation for the EURO-GANEX process.
